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The catalytic properties of two classes of solid catalysts for the oxidation of
hydrocarbons in the liquid phase are discussed: (i) microporous solids, encapsulating
transition metal complexes in their cavities and (ii) titanosilicate molecular sieves.
Copper acetate dimers encapsulated in molecular sieves Y, MCM-22 and VPI-5 use
dioxygen to regioselectively ortho-hydroxylate L-tyrosine to L-dopa, phenol to catechol
and cresols to the corresponding o-dihydroxy and o-quinone compounds. Monomeric
copper phthalocyanine and salen complexes entrapped in zeolite-Y oxidize methane to
methanol, toluene to cresols, naphthalene to naphthols, xylene to xylenols and phenol
to diphenols. Trimeric m3-oxo-bridged Co/Mn cluster complexes, encapsulated inside
Y-zeolite, oxidize para-xylene, almost quantitatively, to terephthalic acid. In almost all
cases, the intrinsic catalytic activity (turnover frequency) of the metal complex is
enhanced very significantly, upon encapsulation in the porous solids. Spectroscopic and
electrochemical studies suggest that the geometric distortions of the complex on
encapsulation change the electron density at the metal ion site and its redox behaviour,
thereby influencing its catalytic activity and selectivity in oxidation reactions.
Titanosilicate molecular sieves can oxidize hydrocarbons using dioxygen when loaded
with transition metals like Pd, Au or Ag. The structure of surface Ti ions and the type of
oxo-Ti species generated on contact with oxidants depend on several factors including
the method of zeolite synthesis, zeolite structure, solvent, temperature and oxidant.
Although, similar oxo-Ti species are present on all the titanosilicates, their relative
concentrations vary among different structures and determine the product selectivity.
Keywords: solid catalysts; benign catalytic oxidations;
encapsulated metal complexes; titanosilicate molecular sieves
1. Introduction
Many industrial oxidations in the liquid phase are presently carried out with
homogeneous catalysts. Such oxidations generate toxic effluents, which require
extensive clean-up and catalyst separation procedures. Discovery of environmen-
tally benign, solid catalysts for such oxidations using H2O2 or dioxygen as
the oxidant, is currently one of the major challenges in heterogeneous catalysis
(Thomas et al. 2001).OnPhil. Trans. R. Soc. A (2005) 363, 1001–1012
doi:10.1098/rsta.2004.1538Published online 15 April 2005e contribution of 19 to a Discussion Meeting ‘Catalysis in chemistry and biochemistry’.
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 on May 23, 2011rsta.royalsocietypublishing.orgDownloaded from In the present study, we describe two classes of solid catalysts for the liquid
phase oxidation of hydrocarbons using dioxygen, as well as H2O2, as oxidants.
The first class includes microporous solids, encapsulating in their cavities
monomeric as well as polymeric transition metal complexes. The ligand
environment and molecular confinement (in the case of encapsulated complexes)
influence the redox potential at the metal ion, and as a consequence, its catalytic
activity and selectivity. The second class consists of titanosilicate molecular
sieves. Both these catalysts are rugged and easily separable from the reaction
mixtures. Unlike the homogeneous counterparts, the solid catalysts are not easily
deactivated during the oxidation reactions and could be recycled (Raja &
Ratnasamy 1995, 1997a,b; Jacob et al. 1998; Raja et al. 1999; Chavan et al. 2001).
Using EPR and diffuse reflectance UV–visible spectroscopies we had, earlier,
identified different types of Ti sites and oxo-Ti species (hydroperoxo-, peroxo-
and superoxo-Ti) generated on contact of titanosilicates with oxidants such as
H2O2, H2CO2 and urea-H2O2 (Chaudhari et al. 2001; Shetti et al. 2003, 2004;
Srinivas et al. 2003). We find that the relative concentrations of these different
oxo species influence the activity and product selectivity of titanosilicate
molecular sieves in oxidation reactions.2. Experimental
(a) Materials
The molecular sieve-encapsulated CuAc, Cu(salen), CuPc and Co/Mn cluster
complexes and titanosilicate molecular sieves were prepared as reported by us
earlier (Raja & Ratnasamy 1995, 1997a,b; Jacob et al. 1998; Raja et al. 1999;
Chaudhari et al. 2001; Chavan et al. 2001; Shetti et al. 2003, 2004; Srinivas et al.
2003).
(b) Reaction procedures and product analysis
(i) Regioselective ortho-hydroxylations
In a typical hydroxylation reaction (Raja & Ratnasamy 1995), the solid catalyst
(CuAc-Y) was added to the substrate in a phosphate buffer (0.05 M, pH 6.5). The
contents were stirred at 298 K in the presence of molecular oxygen for 24 h.
Periodically, samples were removed, the solid catalyst was separated by
centrifugation and the progress of the oxidation was monitored by HPLC (for
L-tyrosine) or gas chromatography (for phenol and cresols).
(ii) Decomposition of H2O2 and tert-butyl hydroperoxide (t-BuOOH)
In a typical reaction (Jacob et al. 1998) 0.025 g of ‘neat’ or encapsulated
Cu(salen) complex was stirred in 5.5 g of H2O2 (30% aqueous) or 5 g of t-BuOOH
at 298 K for 1 h. In H2O2 decomposition, after filtration of the catalyst, the
product was diluted with water to 250 ml. To 10 ml of this solution, 20 ml dilute
H2SO4 (1:20) and 20 ml water were added. The solution was then titrated against
standard KMnO4. The decomposition of t-BuOOH was monitored by standard
iodimetry.Phil. Trans. R. Soc. A (2005)
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Oxidation of methane, propane and allyl alcohol were carried out as described
earlier (Raja & Ratnasamy 1997a,b; Raja et al. 1999; Shetti et al. 2003).
(iv) Epoxidation of styrene over TS-1 using H2O2 as oxidant and hydroquinone as
radical scavenger
In a 100 ml Teflon-lined steel autoclave, 100 mg of TS-1, 10 g of CH3CN,
8.62 mmol styrene, 17.2 mmol of H2O2 (30% aqueous) and hydroquinone
(0–0.018 mmol) were taken and the reaction was conducted at 333 K, rotating
speed of 30 r.p.m. and for 8 h. The products were analysed by gas chromato-
graphy/mass spectrometry.
(v) Epoxidation of cyclohexene using titanosilicate and horseradish peroxidase
In a typical reaction 100 mg of titanosilicate (TS-1, Ti-MCM-41, Ti-SBA-15),
0.82 g of cyclohexene, 3.28 g of CH3CN were taken in a glass flask fitted with
a water-cooled condenser and placed in a constant temperature (333 K) oil bath.
To it, H2O2 (30% aqueous) was added drop-wise over a period of 10 min, and
then the reaction was carried out for 4 h. The products were analysed by gas
chromatography.
In the reactions with horseradish peroxide (HRP, SRL, India), 82 mg of
cyclohexene, 0.128 mmol H2O2, 0.5 ml of CH3CN and 1 ml of 100 mM HRP in
phosphate buffer were taken in a glass rector and the reaction was carried out at
298 K for 1.5 h. The product was extracted with 10 ml of diethyl ether (three
times) and analysed by gas chromatography.
The characterization of the catalysts has been described in our earlier
publications (Raja & Ratnasamy 1995, 1997a,b; Jacob et al. 1998; Raja et al.
1999; Chaudhari et al. 2001; Chavan et al. 2001; Shetti et al. 2003, 2004; Srinivas
et al. 2003).3. Results and discussion
(a) Zeolite-encapsulated metal complexes
(i) Regioselective ortho-hydroxylation-tyrosinase mimics
Copper acetate (CuAc), encapsulated in molecular sieves Y, MCM-22 and VPI-5
regioselectively ortho-hydroxylates L-tyrosine to L-dopa and subsequently to
dopaquinone in phosphate buffer (pH 6.5) at 298 K using atmospheric dioxygen
as oxidant (scheme 1; table 1). The pH specificity as well as the temperature
dependence of the reaction suggests that the CuAc complex is active only when it
is present as a dimer (Raja & Ratnasamy 1995). When the dimeric structure is
absent (lower pH or higher temperatures) the complex is inactive.
The molecular sieve-based catalysts showed a high substrate and regio-
specificity (Raja & Ratnasamy 1995). Only mono and o-dihydroxy aromatic
compounds (like phenol, catechol and cresols) underwent oxidation, though at
varying rates (table 1). Aromatic substrates without a phenolic OH group were notPhil. Trans. R. Soc. A (2005)
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Table 1. Catalytic activity (TON) in the oxidation of L-tyrosine, phenol, o-cresol and m-cresol
(Reaction conditions: catalyst, 0.02–0.04 g; phosphate buffer, 0.05 M, pH 6.5; molecular
oxygen, 1 atm; substrate, L-tyrosine (2 dM), phenol (8 wt%), o- and m-cresols (15 wt% in
phosphate buffer); temperature, 298 K; reaction time, 24 h.)
catalyst TONa
L-tyrosine phenol o-cresol m-cresol
CuAc-‘neat’ 2.9 3.8 7.2 5.2
CuAc-HY 15.2 22.1 56.4 50.9
CuAc-MCM-22 27.6 35.6 71.5 55.8
CuAc-VPI-5 10.5 20.2 45.7 33.8
aTurnover number (TON), moles of substrate converted per mole of Cu.
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the para-isomers, hydroquinone/p-benzoquinone were not observed. In all these
hydroxylation reactions the encapsulated CuAc dimers exhibited higher catalytic
activity than the corresponding ‘neat’ complexes (table 1).
EPR confirmed the presence of CuAc dimers in the supercages of zeolite-Y
(Chavan et al. 2000b).The spins on the twoCu(II) centres of thedimer (3d9,SZ1/2)
were coupled anti-ferromagnetically resulting in a groundstate singlet (SZ0) and a
low-lying excited-state triplet (SZ1). At ambient temperatures, the triplet state
was populated and the complex exhibited paramagnetism (1.4 B.M.). As the
temperature is lowered (from ambient temperature to 77 K), the excited triplet
levels were depopulated and the dimer signal intensity decreased. Variable
temperature measurements enabled the estimation of intramolecular Cu–Cu
exchange coupling constant (J ) andCu–Cu distance (r) in the dimer (Chavan et al.
2000b).Theexchange interaction (J ) between theCu(II) ions in thedimer increased
upon encapsulation from259 to 310 cmK1; theCu–Cu distance (r) decreased for the
encapsulated CuAc from 2.64 to 2.40 A˚. The value of 2.64 A˚ (from EPR
spectroscopy) for ‘neat’ CuAcmatches well with the reported value from the single
crystal X-ray diffraction study (2.61 A˚; De Meester et al. 1973).
The short Cu–Cu distance and the consequent greater, lateral overlap of the
Cu orbitals would facilitate the transfer of electron density from the phenolate
ligand to the antibonding LUMO of the complex, thereby weakening the copper
peroxide, O–O bond formed by the coordination of O2 to the copper complex.
Weakening of the O–O bond would, in turn, make it easier for the cleavage andPhil. Trans. R. Soc. A (2005)
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to the phenolate bond. Under the reaction conditions (pH 6.5), the phenols exist
in the phenolate form.
(ii) Decomposition of peroxides: catalase activity
Copper salen complexes encapsulated inside the supercages of zeolite-Y exhibit
catalase activity with rates of decomposition of H2O2 or t-butyl hydroperoxide (10
5)
approaching those of natural catalase enzymes (Jacob et al. 1998). Substitution of the
aromatic hydrogen atoms of the salen ligand by electron withdrawing groups like Cl,
Br and NO2 enhances the catalytic activity. The encapsulated complexes exhibit
higher turnover frequencies (TOF) by several orders of magnitude than the
corresponding ‘neat’ complexes (Jacob et al. 1998). Similar enhancements in the
activity were observed also for the oxidation of styrene and aerobic oxidation of
para-xylene with these complexes (Jacob et al. 1998).
‘Neat’ Cu(salen) in the solid state is dimeric with a tetragonally elongated
square pyramidal geometry around Cu (Deshpande et al. 1999). In the dissolved
state and in non-coordinating solvents, the complex exists as monomers with
square planar geometry. In the encapsulated complex, Cu(salen) is present as
monomers (as in the dissolved state) in the supercages of zeolite-Y and possesses
tetrahedrally distorted-square planar geometry (Deshpande et al. 1999).
The orbital coefficients and ground state wave functions (estimated from the
spectral parameters) are modified considerably for the encapsulated complexes.
The in-plane covalency of the Cu–ligand bond is also increased. Electron density
at Cu is depleted by substitution of the aromatic ring H atoms by electron
withdrawing groups like Cl or by encapsulation of the complex in the zeolite
supercages (Deshpande et al. 1999). This depletion of electron density at copper
facilitates the attack of incoming nucleophiles like hydroperoxide and t-butyl
hydroperxoide anions (Deshpande et al. 1999). Electrochemical studies confirm
that the Cu(II)/Cu(I) reduction potential increases upon encapsulation of the
Cu(salen) complex (Jacob et al. 1998). The observed changes in the molecular
electronic structure and consequent redox properties of the complexes upon
encapsulation are, perhaps, responsible for the enhancement in the catalytic
activity of the metal salen complexes.
(iii) C–H bond activation: oxyfunctionalization of alkanes and aromatics
Metal phthalocyanines (MPc,MZFe, Co orCu) encapsulated in zeolites-X, -Y and
-L catalyse the direct oxidation ofmethane (Raja&Ratnasamy 1997a) to amixture
of methanol and formaldehyde, and propane (Raja et al. 1999) to a mixture of
isopropanol and acetone, bothat ambient conditionsusingO2/t-BuOOHasoxidant
(table 2).MPc complexeswith electronwithdrawing substituents (likeCl andNO2)
exhibit higher activity than the unsubstituted MPc complexes. The intrinsic
catalytic activity of the complexes was enhanced by more than two orders of
magnitude when the complexes were encapsulated (table 2). Even thoughmethane
could be oxidized over these catalysts using O2 alone, the conversion levels were
below 1% and only CO2 was produced. On the other hand, t-BuOOH readily
oxidizes methane to methanol and formaldehyde, even in the complete absence of
molecular oxygen. At low concentrations of t-BuOOH, methanol was the majorPhil. Trans. R. Soc. A (2005)
Table 2. Oxidation of methane and propane over MPc complexes
(Reaction conditions (oxidation of methane): methane, 50 psi; air, 100 psi; CH3CN, 99.5 g;
catalyst, 0.75 g; TBHP, 0.5 g; values in the parentheses refer to the metal content in per cent
weight. Reaction conditions (oxidation of propane): propane, 50 psi; air, 200 psi; TBHP, 0.5 g;
CH3CN, 99.5 g; temperature, 298 K; reaction time, 10 h. TON and selectivity values are
reproducible to about 10%.)
catalysta conc.
(mol%)
TONb products (mol%): oxidation of methane
CH3OH HCHO HCOOH CO2
CuPc 0.4 0.09 — 20 — 80
CuCl16Pc 4.8 0.72 40.2 47.5 7.2 5.1
FeCl16Pc 5.3 0.90 41.2 42.0 8.3 8.5
CuCl16Pc-X (0.28) 4.2 48.5 51.5 41.7 4.1 2.7
FeCl16Pc-X (0.16) 4.9 107.2 52.6 42.3 3.2 1.9
products (mol%): oxidation of propane
isopropanol acetone propylene CO2
CuCl16Pc 5.0 4.2 63.2 30.5 — 6.3
FeCl16Pc 4.8 4.1 42.5 39.7 — 17.8
CuCl16Pc-X (0.28) 17.6 316 48.2 37.6 9.2 5.0
FeCl16Pc-X (0.16) 13.5 371 39.9 37.8 9.0 13.3
aValues in the parentheses refer to the metal content in per cent weight.
bTurnover number (TON), moles of substrate converted per mole of Cu.
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concentrations of t-BuOOH. When both O2 and t-BuOOH were present there was
a synergistic enhancement of methane conversion (Raja & Ratnasamy 1997a,b).
The encapsulatedMPccomplexes exhibited enhanced catalytic activities also in the
oxidation of toluene to cresols, naphthalene to naphthols, xylene to xylenols and
phenol to diphenols (Raja & Ratnasamy 1997a,b).
IR, diffuse reflectance UV–visible and EPR spectroscopic characterizations
revealed that CuPc molecules undergo distortion from a planar (D4h) to a
puckered (C2v) geometry when they are encapsulated in zeolites (Seelan et al.
2000; Ray & Vasudevan 2003). ‘Neat’ CoPc possesses a centre of inversion (D4h).
As a consequence, owing to the mutual exclusion principle, the IR-active
vibrational modes are absent in the Raman spectra and vice versa in the spectra
of ‘neat’ CoPc complexes (see fig. 5 in Ray & Vasudevan 2003). For the
encapsulated complexes, on the contrary, the presence of Raman-active modes in
the IR spectra and vice versa implies a loss of the centre of inversion in the
CoPc molecule indicating a geometric distortion of the complex on encapsulation
(Ray & Vasudevan 2003).
Terephthalic acid, a major commodity chemical, is manufactured by the
oxidation of p-xylene in acetic acidwith cobalt andmanganese acetates as catalysts
and bromide promoters. Such homogeneous metal catalysts generate toxic
effluents, which require extensive clean-up and catalyst separation.We had earlier
found (Chavan et al. 2000a), using electronic and EPR spectroscopies that during
the p-xylene oxidation, heteronuclear m3-oxo-bridged Co/Mn cluster complexesPhil. Trans. R. Soc. A (2005)
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n are the active catalyst species that oxidize
p-xylene to p-toluic acid and further to terephthalic acid. On encapsulation of these
cluster complexes inside the super cages of zeolite-Y, the resulting catalyst is an
efficient, environmentally benign catalyst for p-xylene oxidation (Chavan et al.
2001).(b) Titanosilicate molecular sieves
Three types of oxo-Ti species, viz. hydroperoxo-, peroxo- and superoxo-Ti, are
generated on titanosilicates contacted with H2O2 (Notari 1996; Ratnasmy et al.
2004). These oxo-Ti species could be identified by DRUV-visible spectroscopy
(figure 1, right panel). Only, the superoxo-Ti could be detected by EPR
spectroscopy (figure 1, left panel). EPR reveals the presence of three types (A–C)
of superoxo-Ti species on TS-1 (Chaudhari et al. 2001; Shetti et al. 2003, 2004;
Srinivas et al. 2003). A and B are more abundant than C. These species are
present also on Ti-beta and amorphous TiO2–SiO2, but in different relative
concentrations. Ti-MCM-41 and Ti-SBA-15 generate, predominantly, the B-type
species (figure 1, left panel). The concentration of A-type species increases in the
following order: amorphous TiO2–SiO2!Ti-beta!TS-1. The B-type species
increases in the order: TS-1!Ti-beta!amorphous TiO2–SiO2!Ti-SBA-15,
Ti-MCM-41. Temperature, solvent and oxidant (aqueous H2O2, urea–H2O2 or
(H2CO2) mixture) markedly influence the type of oxo-Ti species generated
(Srinivas et al. 2003). TS-1 prepared from the fluoride medium contains
predominantly the B rather than the A-type oxo-Ti species. A comparison of
our EPR results with the EXAFS data (Gleeson et al. 2000; Thomas & Sankar
2001) suggest that, while the A-type species probably originate from
tetrapodally-coordinated Ti sites (Ti(OSi)4), the B-type originate from the
tripodally-coordinated Ti sites (Ti(OSi)3(OH)) and the C-type from a defect site
like Ti(OSi)3(OH)(OH2)2. EPR spectroscopy provided evidence, for the first
time, for the in situ generation of such oxo-Ti species over Pd impregnated TS-1
(Pd–TS-1) in the reactions using (H2CO2) instead of H2O2 (Shetti et al.
2003). Pd enhanced the reducibility of Ti and promotes formation of these oxo
species at lower temperatures (approximately 323 K). In the absence of Pd, Ti
reduction in TS-1 occurs at 823 K. The concentration of the A-type oxo-Ti
species is higher than the B and C-types on Pd–TS-1 in the presence of a (H2C
O2) mixture. It is interesting to note that the epoxide selectivity in the oxidation
of allyl alcohol over Pd–TS-1 is higher with (H2CO2) than aqueous H2O2 (table 3;
Shetti et al. 2003).
OncontactwithH2O2,TS-1 showsanasymmetric, broad, charge transfer band in
the region 300–500 nm (figure 1, right panel). This could be deconvoluted into two
bands (I and II) corresponding to superoxo-Ti and hydroperoxo/peroxo-Ti species,
respectively. The position and relative intensities of these bands are different in
(TS-1CH2O2) and (TS-1Curea–H2O2) systems and inPd-containing samples.The
relative intensity ratio of hydroperoxo- to superoxo-Ti ([II]/[I]) decreases in
the following order: (Pd–TS-1CH2O2) (0.73)OTS-1CH2O2 (0.68)O(TS-1Curea–
H2O2) (0.43) (figure 1, right panel). In (Ti-MCM-41CH2O2), these bands overlap
with the characteristic bands of Ti-MCM-41. Magnetic susceptibility measure-
ments also confirmed the presence of these oxo-Ti species (Srinivas et al. 2003).Phil. Trans. R. Soc. A (2005)
Table 3. Catalytic activity in the epoxidation of allyl alcohol over TS-1 and Pd(n)–TS-1 catalysts
(Reaction medium: catalyst (100 mg)Callyl alcohol (0.5 g)Cacetone (10 g)CH2O2 (50%, 0.9 ml);
temperature, 333 K; run time, 8 h.)
catalysta oxidant TOFb H2O2 effi-
ciency (%)
conversion
(wt%)
epoxide selectivity
(wt%)
TS-1 H2O2 15.3 42.8 77.0 96.1
Pd(0.5)–TS-1 H2O2 12.3 34.2 61.5 95.6
Pd(2)–TS-1 H2O2 10.5 28.8 51.7 90.4
Pd(3.5)–TS-1 H2O2 7.6 20.7 37.1 82.8
Pd(4.5)–TS-1 H2O2 6.2 16.7 30.0 74.0
Pd(2)–TS-1 H2CO2 2.1 — 10.5 99.0
aValues in parentheses indicate the loading of Pd in wt%.
bTurnover frequency (TOF), moles of allyl alcohol converted per mole of Ti per hour.
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Figure 1. Left: EPR spectra (at 80 K) of titanosilicates interacted with aqueous H2O2; gz signal
corresponding to superoxo-Ti species A and B are indicated. TS-1 (F) is TS-1 sample synthesized
from fluoride medium. Right: DRUV–visible spectra of TS-1, TS-1CH2O2, TS-1Curea–H2O2 and
Pd(2)-TS-1CH2O2. Bands due to superoxo (I) and hydroperoxo (II)-Ti species are marked.
Experimental (solid lines), simulated (dashed line) and deconvoluted oxo-titanium bands (dash-
dotted line).
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styrene) at 333 K revealed that the superoxo-Ti species are consumed during
the reaction. In the absence of alkene, the intensity of type-A species in TS-1 was
more than that of type-B (figure 2, left panel). On adding alkene, the
concentration of the type-A species decreased faster than that of type-B,Phil. Trans. R. Soc. A (2005)
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Figure 2. Left: EPR spectra at 90 K. TS-1CH2O2Cstyrene: reaction temp. 333 K and reaction
time: (a) 0 min, (b) 5 min, (c) 10 min and (d) 20 min. (e) TS-1CH2O2Callyl alcohol (25 min).
Asterisk denotes signals owing to a styrene-based radical formed during the reaction. Right: EPR
spectra at 180 K of TS-1CH2O2 (a) with no substrate, (b) with allyl alcohol, (c) with phenol,
(d) with benzene (e) with toluene. Signals indicated by vertical lines are owing to substrate-based
radicals formed during the oxidation reaction.
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B-type species remained (Shetti et al. 2003). With styrene as substrate, organic
radicals are formed during the reaction. Such radicals were not observed in the
reactions with allyl alcohol (figure 2, left panel).
When the TS-1CH2O2 slurry was contacted with aromatics such as toluene,
benzene or phenol, the colour of the solution changed initially to orange and then
to dark blackish-green (Srinivas et al. 2003). In the case of phenol and benzene,
species B was consumed faster than A. In the case of toluene oxidation, the
intensity of both A and B are altered on addition of the substrate.
The catalytic activities of hydroperoxo/peroxo- and superoxo-Ti species in
alkene (styrene and cyclohexene) oxidations were investigated by carrying out
the experiments with radical scavengers, for example, hydroquinone (HQ).
Hydroquinone scavenges the superoxo-Ti species and does not allow it to
participate in the catalytic oxidations. In the reaction of styrene, with increasing
HQ concentration, the selectivity for styrene oxide increased and benzaldehyde
decreased (table 4). This is clear evidence that hydroperoxo-Ti is involved in
epoxide formation while superoxo-Ti is involved in non-selective products
(e.g. benzaldehyde) formation. Catalytic activity (styrene conversion) decreased
with increasing HQ concentration (table 4), since, part of the oxo-Ti species
(superoxo-Ti) was scavenged and not used in the epoxidation reaction.Phil. Trans. R. Soc. A (2005)
Table 4. Influence of hydroquinone (HQ) on styrene epoxidation activity
(Reaction conditions: catalyst (TS-1), 100 mg; styrene, 8.63 mmol, H2O2 (30% aq.), 17.2 mmol;
solvent (CH3CN), 10 g; temperature, 333 K; time, 8 h.)
HQ mmol styrene conv. % styrene oxide phenylacetal-
dehyde
benzaldehyde benzoic acid
0 16.4 37.8 12.2 49.3 0.7
0.009 11.5 45.5 12.9 39.8 1.8
0.018 7.9 59.0 12.8 27.2 1.0
Table 5. Cyclohexene oxidation over titanosilicates and enzymes
(For reaction conditions see §2b(v).)
catalyst cyclohexene
conv. %
TOF (hK1) product selectivity (%)
epoxide -diol epoxideCdiol allylic products
TS-1 18.6 10 55.6 28.7 84.3 15.7
Ti-MCM-41 34.2 17 12.9 60.3 73.2 26.8
Ti-SBA-15 52.5 25 12.0 62.0 74.1 26.0
Cyt.P450a 89.0 1200 85.0 0 85.0 15.0
HRP 66.9 893 64.3 0 64.2 35.8
aData taken from Farinas et al. (2004).
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revealed that the (epoxideCdiol) selectivity is more on TS-1 containing
tetrapodal Ti sites than on Ti-MCM-41 and Ti-SBA-15 containing the tripodal
Ti sites (table 5). It is interesting to note that the selectivity pattern
(epoxideCdiol, 85% and allylic products, 15%) of TS-1 is similar to that of the
monoxygenase enzyme cytochrome P450 (Cyt. P450; Farinas et al. 2004). The
selectivity patterns (epoxideCdiol, 74%; allylic products, 26%) of Ti-SBA-15
and Ti-MCM-41 resemble that of horseradish peroxidase (HRP). It may be
noted that the specific catalytic activity over metalloenzymes is two orders of
magnitude higher than that over titanosilicates (table 5). Our studies reveal
that even though similar oxo species are formed over all the titanosilicates in
the presence of either H2O2 or H2CO2 or urea–H2O2, their relative
concentration determines the catalytic activity and especially selectivity.4. Conclusions
The catalytic properties of two classes of solid catalysts, viz. (i) zeolite-
encapsulated dimeric copper acetate, monomeric copper salen and phthalocyaine
and trimeric (m3-oxo)-bridged Co/Mn cluster complexes and (ii) titanosilicate
molecular sieves for the oxidation of hydrocarbons are discussed. The intrinsic
activity (turnover frequency) of the metal complexes is enhanced uponPhil. Trans. R. Soc. A (2005)
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 on May 23, 2011rsta.royalsocietypublishing.orgDownloaded from encapsulation in the zeolite cavities. Ligand environment and geometric
distortions in the encapsulated state markedly affect the electron density at
the site of metal ion and its redox properties. As a consequence, catalytic activity
and product selectivities can be controlled by a proper choice of the ligands
around the metal ion and the cavity wherein the metal complexes are
encapsulated.
The chemoselectivity of titanosilicates is influenced by several factors
including the method of preparation, zeolite structure, solvent, temperature
and oxidant. Spectroscopic studies have identified different types of Ti species
(tetrapodal Ti(OSi)4, tripodal Ti(OSi)3(OH) and other defect Ti sites) on these
silicate structures. These Ti have different reduction potentials. On contact with
H2O2 or (H2CO2) or urea–H2O2, different types oxo-Ti species, viz. hydro-
peroxo-, peroxo- and superoxo-Ti, are generated on titanosilicates. Their relative
concentrations influence the catalytic activity and product selectivity. The solid
catalysts described in this paper are environmentally benign in liquid phase
oxidations.
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